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This  paper  describes  the  performance  improvement  of  an  energy  harvesting  device  for  aircraft  by  increas¬ 
ing  its  operational  temperature  range.  The  thermoelectric  energy  harvesting  device  consists  of  two 
cavities  each  containing  a  different  phase  change  material,  acting  as  thermal  mass.  Thermoelectric  gen¬ 
erator  elements  (TEGs)  are  attached  to  the  inner  part  of  the  fuselage  and  to  the  thermal  mass.  Therefore, 
an  artificially  enhanced  temperature  difference  between  the  bottom  and  the  top  surface  of  the  TEGs  is 
created  during  take-off  and  landing.  Different  temperature  profiles  mimicking  short/mid-range  Euro¬ 
pean  flights  are  investigated.  The  performance  in  terms  of  efficiency,  power-to-weight  ratio  and  energy 
harvested  is  studied  in  detail,  both  by  simulations  and  experimental  data. 
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1.  Introduction 

Maintenance  is  one  of  the  largest  expenses  that  a  civil  aviation 
company  has  to  incur  over  the  lifetime  of  an  aircraft  and  can  be 
as  high  as  18%  of  its  total  cost  [1,2],  Nowadays,  structural  health 
monitoring  (SHM)  sensors  can  help  placing  the  scheduled  mainte¬ 
nance  and  checks  further  apart  or  even  convert  them  to  on-demand 
checks  [3],  Sensors  vary  in  type,  from  simple  crack  wire  sensors, 
to  multi-axial  strain  gauge  sensors  to  acousto-ultrasound  devices. 
Traditionally,  wired  solutions  are  used,  which  are  reliable,  but 
introduce  weight  and  increase  the  design  complexity  of  the  aircraft. 
The  targeted  solution  to  that  problem  is  wireless  SHM.  Batteries  are 
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good  candidates  for  supplying  power,  but  require  frequent  charg¬ 
ing,  hence  negating  the  on-demand  purpose  of  the  concept.  In 
addition,  batteries  have  a  limited  operational  temperature  range 
with  respect  to  aviation-related  temperature  characteristics  when 
targeting  advanced  sensor  applications  [4], 

Thermoelectric  energy  harvesting  has  proven  its  potential  in  a 
flight  test  campaign  [5]  and  its  suitability  for  use  in  low  power, 
autonomous  applications  such  as  wireless  sensor  nodes  for  health 
monitoring  purposes  in  aircraft  [6],  The  energy  such  devices 
capture,  when  driven  through  a  power  management  module,  is 
sufficient  to  power  a  sensor  node  and  a  wireless  data  transmis¬ 
sion  module  for  enough  time  to  take  measurements  and  transmit 
the  results  [7], 

The  scope  of  this  paper  is  to  investigate  in  details  of  the  perfor¬ 
mance,  flexibility,  and  scalability  of  a  composite  energy  harvesting 
device  and  to  maximize  its  worst  case  energy  output  under  varying 
temperature  conditions  during  aircraft  operation. 

2.  Design  aspects 

The  energy  harvesting  device  described  in  this  paper  con¬ 
sists  of  a  dual-cavity  container,  filled  with  two  different  phase 
change  materials  (PCMs)  that  act  as  thermal  mass.  This  container  is 
attached  on  one  side  of  the  thermoelectric  generators  (TEGs),  while 
the  other  side  of  the  TEG  is  fixed  to  a  heat  source,  in  this  case  the 
fuselage  of  the  aircraft.  The  temperature  difference  across  the  two 
sides  of  the  TEGs  during  take-off  and  landing  is  enhanced  by  the 
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latent  heat  and  the  large  heat  capacity  of  the  PCMs  thus  enhancing 
the  energy  output  [7],  This  concept  is  illustrated  in  Fig.  1. 

PCMs  offer  material-specific  and  defined  phase  change  tem¬ 
peratures.  This  can  be  a  limiting  factor  when  broad  temperature 
conditions  are  to  be  encountered,  as  the  case  in  aircraft,  thus  the 
idea  of  applying  multiple  PCMs  is  introduced.  Previous  versions 
of  the  multi-PCM  harvester  consisted  of  two  separate  closed  cavi¬ 
ties  for  the  inner  and  hollow  cylinder,  made  from  a  single  material 
(stainless  steel,  copper  or  3D  printed  ABS  plastic)  and  their  perfor¬ 
mance  has  been  assessed  in  [8], 

For  the  present  version  of  the  harvester,  the  two  cylinders  have 
been  combined  in  a  single  body  of  PMMA  which  offers  low  thermal 
conductivity  and  low  density.  The  volumes  of  the  two  containers 
are  30  ml  for  the  inner  cylinder  and  30  ml  for  the  hollow  cylin¬ 
der,  respectively.  The  bottom  of  the  cylinders  is  made  of  copper 
and  fixed  to  the  PMMA  with  a  cyanoacrylate  adhesive.  Copper  has 
a  high  thermal  conductivity  and  hence,  most  of  the  heat  flux  goes 
through  it  via  the  TEGs  to  the  fuselage  and  vice  versa.  Four  TEGs  were 
installed  below  the  inner  cylinder  and  electrically  connected  in 
series.  Below  the  hollow  cylinder,  eight  TEGs  were  placed  and  again 
electrically  connected  in  series.  The  TEGs  (TEG  1-9.1-9.9-0.8/200 
[9])  were  made  by  Eureca,  and  the  Seebeck  coefficient  and  inter¬ 
nal  resistance  for  each  of  them  is  27  mV/K  and  8.85  £2,  respectively. 
Load  resistors  matching  the  total  internal  resistance  of  each  of  the 
clusters  were  installed  in  parallel  to  each  TEG  cluster  as  explained 
in  Section  3.  Furthermore,  heat  pipes  in  the  form  of  thin  copper 
fins  are  used  to  enhance  the  heat  flux  from  the  PCM  to  the  fuse¬ 
lage  [10],  A  schematic  of  the  whole  set-up  is  shown  in  Fig.  2a.  A 
prototype  of  the  thermoelectric  harvester  device  is  built  as  close  as 


(a) 


Table  1 

Physical  properties  of  the  materials  used. 

Material  Tm  [°C]  Cp  [kJ/kgK]  k[W/mK]  p[kg/m3]  AH[kJ/kg] 

Water  0  4.2  0.5  1000  333 

E-ll  [9]  -11  3.55  0.57  1090  301 

Copper  1084  0.38  401  8940  176 

PMMA  160  1.46  0.17  1170 


possible  to  the  theoretical  model  used  for  the  simulations,  and  is 
shown  in  Fig.  2b. 

The  PCMs  used  in  the  harvester  are  distilled  water  and  E-ll 
provided  by  PCM  Products  Ltd.  [11],  Water  possesses  the  best  ther¬ 
mal  properties  at  its  phase  change  temperature,  whereas  PCM  E-ll 
promises  to  offer  one  of  the  highest  latent  heat  values  available  at 
its  phase  change  temperature  of -11  °C.  The  physical  properties  of 
the  materials  used  are  summarized  in  Table  1. 

The  PCMs  are  examined  under  the  same  temperature  pro¬ 
files,  simulating  different,  European,  short  to  medium-range  flight 
patterns.  Four  ground  temperatures  are  selected,  representing 
“average”  (20 °C),  “high”  (30 °C),  “low”  (-5°C),  and  “optimum” 
(10  °C)  conditions,  wherein  both  materials  undergo  full  phase 
changes.  Under  the  “optimum”  and  “average"  temperature  profiles, 
both  PCMs  undergo  a  phase  change.  Due  to  the  super-cooling  effect, 
which  is  explained  in  detail  in  Section  5,  the  “optimum”  temper¬ 
ature  range  is  selected  throughout  this  paper  as  the  best  example 
for  demonstrating  the  impact  of  phase  changes  of  both  PCMs  on 
the  energy  output.  The  temperature  difference  between  maximum 
and  minimum  temperature,  i.e.  ground  and  cruising  altitude,  was 
set  at  40  °C.  The  corresponding  temperature  profiles  are  shown  in 
Fig.  3. 


3.  Theoretical  background 


The  electric  power  output  of  a  thermoelectric  harvesting  device 
strongly  depends  on  the  efficiency  of  the  TEGs  used.  Furthermore, 
the  efficiency  depends  on  the  AT  across  the  TEG,  defined  as  the 
ratio  between  the  heat  flux  converted  into  electrical  power.  The 
theoretical  equation  of  the  efficiency  of  a  TEG  is  according  to  [12] 


AT 

Th 


(1) 


where,  Z  is  the  figure  of  merit,  T  the  average  temperature  and  Th 
the  temperature  on  the  hot  side. 

The  cold  and  hot  sides  in  this  application  scenario  are  calculated 
based  on  the  average  temperature  across  the  two  sides  [13],  The 
overall  efficiency  is  calculated  based  on  the  figure  of  merit,  which 
is  taken  from  the  datasheets  of  the  TEGs  used  [9],  The  efficiency 
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Fig.  2.  (a)  Schematic,  i 
PCMs. 


s-sectional  view  on  the  thermoelectric  device,  indicating  the  i 


i  components,  (b)  Actual  prototype,  with  copper  bottom  plate, 


pipes,  and 
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for  all  the  temperature  profiles  ranges  from  0.47  to  0.49%  since  it 
depends  strongly  on  the  materials  of  the  TEGs. 

The  energy  stored  in  a  PCM  undergoing  a  phase  change  is 


Q  =  J  mCpj(T)dT  +  mAH  +  j  mCp,s(T)dT 


where,  m,  Cpj,  CPiS  is  the  mass  and  specific  heat  capacity  in  the  liquid 
and  solid  phase,  respectively.  Tc  and  Tm  denote  the  temperature  on 
the  cold  side  and  the  phase  change  temperature. 

The  theoretical  calculations  for  the  energy  stored  in  a  PCM  per 
gram  and  the  energy  output  per  gram  of  the  device  described  above 
are  presented  in  Table  2  (assuming  maximum  AT  and  thus  maxi¬ 
mum  i)  for  each  temperature  range  at  the  TEG). 

The  conversion  of  temperature  difference  into  electricity  is 
based  on  the  Seebeck  equation,  Weg  =a(T)AT,  where  a  is  the 
Seebeck  coefficient.  For  small  temperature  changes,  the  Seebeck 
coefficient  is  assumed  to  be  independent  from  temperature.  In 
addition,  using  a  load  resistance,  R],  equal  to  the  total  internal  resis¬ 
tance  of  the  TEGs  (Rj  =R[),  the  power  output  is  maximized,  as  is  the 
energy,  which  can  be  written  as 

V  V2 


=  J  PoutdT  =  =  J  ^ AT2dT 


The  energy  output  at  maximum  power  output  with  respect  to 
the  mass  of  the  device  provides  an  important  figure  for  the  avionic 
applications.  This  figure  is  the  power  to  weight  ratio  and  can  be 
calculated  according  to  mean  power  output  (energy  over  the  total 
flight  duration)  per  unit  mass. 


Table  2 

Energy  stored  in  a  PCM  per  gram  versus  the  theoretical  harvestable  energy  per  gram 
within  a  complete  flight  cycle.  The  temperature  ranges  are  described  above. 


Temperature  range  Energy  stored  Harvestable 

in  PCM  (J/g)  energy  (J/g) 


Water  E-ll  Water  E-ll 


High(+30°Cto  -10°C)  959.33  284.00  4.54  1.34 

Average  (+20  °C  to  -20  °C)  917.33  866.00  4.38  4.14 

Optimum  (+10-C  to  -30°C)  874.67  842.67  4.22  4.06 

Low  (-5  °C  to  —45  °C)  166.67  806.67  0.81  3.94 


Finally,  the  heat  pipes  introduced  in  this  design  increase  the 
overall  efficiency  of  the  device  up  to  1 0%  [  1 0  ].  The  heat  flux  from  the 
TEGs  to  the  PCMs  and  vice  versa  is  increased  since  more  surface  with 
high  thermal  conductivity  is  in  contact  with  the  PCM.  In  addition, 
the  low  thermal  conductivity  of  the  walls  compared  to  the  high 
conductivity  of  the  bottom  part  increases  the  overall  efficiency  as 
the  ratio  of  the  thermal  conductivity  of  the  TEGs  with  respect  to 
the  walls  is  very  high,  as  reported  in  [10],  Further  investigations  of 
heat  pipe  characteristics  and  their  impact  on  the  performance  will 
be  performed  in  the  near  future. 


4.  Simulation  results 

COMSOL  Multiphysics  and  its  “Heat  Transfer  in  Solids"  mod¬ 
ule  are  used  to  evaluate  the  performance  of  the  harvesting  device. 
The  finite  element  method  (FEM)  model  is  2D-axisymmetric,  which 
reduces  the  computation  effort  and  time.  The  overall  thermal  con¬ 
tact  resistance  as  well  as  the  heat  flux  towards  the  environment 
are  found  experimentally  and  introduced  in  the  model.  The  con¬ 
tact  resistance  dominates  the  actual  temperature  difference  which 
is  present  at  the  TEG.  To  minimize  the  influence  of  surface-related 
imperfections  of  the  TEGs  and  of  the  bottom  plates,  a  thermal  inter¬ 
face  material  is  used  which  is  implemented  in  the  FEM  model  as 
well.  Similarly,  the  heat  flux  towards  the  environment  depends 
strongly  on  the  materials  and  according  to  literature  is  found  exper¬ 
imentally  [14],  Fig.  3  shows  the  temperature  profiles  that  were 
selected  for  the  simulations  and  experimental  testing.  They  were 
applied  as  a  “temperature”  boundary  condition  on  the  surface 
simulating  the  external  fuselage  temperature.  The  average  temper¬ 
ature  of  the  lower  and  upper  surface  of  the  TEG’s  in  the  model  was 
used  along  with  the  Seebeck  coefficient  found  in  the  datasheets 
to  calculate  the  voltage  output  and  finally  the  power  and  energy 
output. 

The  FEM  model  was  created  to  investigate  the  most  efficient 
placement  of  PCM  in  the  inner  and  hollow  cylinder,  thus  maximiz¬ 
ing  the  energy  output.  PMMA  as  a  container  material  has  such  a 
small  thermal  conductivity  that  it  minimizes  any  exchange  of  heat 
between  the  PCMs.  Simulations  demonstrate  that  PCM  placement 
when  considering  a  volume  for  each  PCM  of  1 5  ml  has  a  low  impact 
on  the  energy  output  of  the  device.  Table  3  shows  the  results  of 
two  simulations  labeled  as  #1  (where  the  inner  and  hollow  cylin¬ 
ders  were  filled  with  water  and  E-l  1  respectively)  and  #2  (where 
the  inner  and  hollow  cylinders  were  filled  with  E-ll  and  water 
respectively).  The  “average”  and  the  “optimum”  range  energy  out¬ 
put  are  similar  for  both  PCM  placements.  However,  it  seems  that 
simulation  #1  is  performing  better  than  simulation  #2  in  the  “high" 
temperature  range  and  vice  versa  for  the  “low”  temperature  range. 
Further  explanations  are  described  in  Section  5. 

Furthermore,  the  simulated  energy  output  values  given  in 
Table  3  are  evaluated  against  experimental  results,  which  are 
shown  in  Table  4.  In  general,  the  deviation  of  energy  from  the  exper¬ 
imental  results  is  less  than  5%.  Due  to  the  super-cooling  effect, 
which  is  further  discussed  in  the  next  Section  5,  the  simulations 
for  the  “high”and  “low”  temperature  ranges  differ  more  than  for 
those  labeled  as  “average”  and  “optimum”,  as  shown  in  Table  4. 
The  discontinuous  and  semi-random  nature  of  the  effect,  i.e.  the 
sharp  increase  in  temperature  during  phase  change,  makes  it  very 
difficult  to  simulate  numerically  with  high  accuracy.  Therefore,  an 
accurate  simulation  of  the  super-cooling  effect  is  not  pursued  in 
the  simulations. 


5.  Experimental  results 

Experimental  tests  are  conducted  in  a  climate  chamber  mim¬ 
icking  real  flight  profiles.  In  more  detail,  the  change  of  the  fuselage 
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:  for  PCM  placement. 


Temperature  range  Simulation  #1  Simulation  #2 


Inner  0)  water  Hollow  (J)E-ll  Total  (J)  Inner  (J)E-ll  Hollow  (J)  water  Total  (J) 


High  (+30  °C  to  -10  °C)  20.21  10.43  30.64  15.22  27.02  42.24 

Average  (+20  "C  to  -20  °C)  32.40  35.20  67.6  33.48  33.22  66.7 

Optimum  (+10"C  to  -30 °C)  35.51  35.66  71.17  33.81  34.31  68.12 

Low  (— 5  °C  to  —45  °C)  16.69  27.81  44.5  23.64  13.15  36.79 


temperature  on  an  Airbus  test  aircraft  is  about  0.050 K/s  [15]. 
Due  to  operational  constraints,  the  climate  chamber  can  achieve 
a  constant  temperature  gradient  of  0.067  K/s,  which  is  used  as 
input  parameter  for  both  the  simulations  and  the  experiments.  The 
experimental  methodology  that  was  followed  matched  that  of  [16], 
The  bottom  of  the  harvester  in  the  climate  chamber  is  oriented 
parallel  to  the  ground  plane,  thus  being  fixed  horizontally. 

5.1.  A  “typical"  temperature  profile 

Fig.  4  illustrates  the  temperature  profiles  of  the  harvester  under 
the  “optimum”  temperature  range  with  15  ml  of  PCM  in  each  cylin¬ 
der.  The  inner  and  the  hollow  cylinder  are  filled  with  equal  volumes 
of  water  and  E-ll,  respectively.  Take-off  lasts  for  the  first  17  min. 
of  the  profile.  Almost  immediately  after  the  aircraft  reaches  cruis¬ 
ing  altitude,  the  super-cooling  effect  takes  place  and  can  be  seen  at 
around  18  min.  As  shown  in  Fig.  4,  the  FEM  model  executes  the 
phase  change  at  precisely  the  specified  temperature.  In  the  cli¬ 
mate  chamber,  however,  this  change  happens  almost  5°C  below 
the  actual  phase  change  temperature  of  the  PCM. 

Super-cooling  is  used  to  describe  the  temperature  of  a  material 
when  it  has  passed  its  freezing  temperature  without  undergoing 
a  solidification  process.  The  presence  and  intensity  of  this  effect 
depends,  however,  on  the  composition  of  the  PCM  and  is  generally 
stronger  for  purer  materials  like  distilled  water  and  less  dominant 
in  solutions  like  E-ll  [  1 7 ],  as  was  observed  in  the  climate  chamber 
experiments.  As  soon  as  a  PCM  has  been  super-cooled  and  passed  a 
critical  temperature,  rapid  crystallization  occurs  and  its  latent  heat 
is  released  over  a  short  time  interval.  This  sudden  release  of  latent 
heat  significantly  increases  the  PCM’s  internal  temperature,  thus 
enhancing  the  energy  output.  This  behavior  is  illustrated  in  Fig.  4a 
and  b,  respectively. 

After  the  latent  heat  has  been  released,  the  temperatures  of 
the  PCMs  gradually  reach  thermal  equilibrium  with  the  fuse¬ 
lage  (during  the  “cruising  time”  period-from  the  18th min.  to  the 
lOOthmin.).  A  similar  but  reversed  behavior  is  observed  during 
landing  and  taxiing,  while  the  PCMs  melt.  Melting  is  more  grad¬ 
ual  than  solidification  because  it  only  affects  the  outer  boundary  of 
the  PCM  being  converted  to  liquid  instead  of  its  entire  mass. 

5.2.  PCM  placement 

Under  the  “average”  and  “optimum”  temperature  profiles,  both 
PCMs  undergo  a  phase  change  as  their  respective  phase  change 
temperatures  are  within  these  temperature  ranges.  On  the  other 
hand,  in  the  “high”  temperature  range,  only  water  undergoes  a 


phase  change  and  E-l  1  acts  as  sensible  heat  storage  medium,  hence 
the  energy  output  for  E-l  1  is  very  low  compared  to  that  of  water. 
Similarly,  under  the  “low”  temperature  range,  only  E-ll  undergoes 
a  phase  change,  and  thus  water,  serving  as  a  sensible  heat  storage 
medium,  contributes  only  a  few  joules  to  the  total  energy  output. 
Table  4  summarizes  all  the  energy  outputs  for  the  inner  and  hollow 
cylinder,  obtained  experimentally. 

Once  the  FEM  model  was  calibrated  for  the  experimental  results 
under  the  different  temperature  profiles,  the  placement  of  the  PCMs 
was  investigated.  Simulations  showed  that  PCM  placement  does 
not  play  a  very  significant  role  in  the  energy  output  (simulation 
results  are  illustrated  in  Table  3). 

Heat,  like  electricity,  follows  the  path  of  lowest  resistance.  This 
fact  makes  a  great  amount  of  the  theoretically  harvestable  energy 
unavailable  for  energy  conversion  as  it  does  not  flow  through  the 
TEGs  to  and  from  the  fuselage,  but  through  the  outer  surface  of  the 
container  to  and  from  the  environment.  For  the  different  temper¬ 
ature  ranges  the  efficiency  of  the  device  ranges  between  49-56% 
of  the  total  harvestable  energy  and  is  comparable  with  previous 
designs  [7], 

The  power-to-weight  (PtW)  ratio  for  the  “optimum”  temper¬ 
ature  range  is  calculated  taking  the  energy  output  up  to  the 
150th  min  into  account.  After  the  150th  min.  and  until  the  system 
reaches  thermal  equilibrium,  energy  output  is  less  than  0.3  J.  The 
total  weight  of  the  device  including  TEGs,  screws,  and  the  PCMs 
(with  15  ml  of  each  PCM)  is  95  g.  The  total  energy  harvested  is 
67.38 J  and  thus  the  PtW  ratio  is  calculated  to  be  0.079  W/kg,  when 
water  and  E-l  1  is  placed  on  the  inner  and  hollow  cylinder  respec¬ 
tively. 


5.3.  Scaling  effect 

The  “optimum”  temperature  profile  was  selected  as  a  basis  to 
quantify  the  impact  of  different  amounts  of  PCMs  on  the  energy 
output.  The  PCM  volume  for  both  cylinders  was  simultaneously 
varied  from  5  to  23  ml,  whereas  the  latter  value  is  considered  as 
the  maximum  volume  that  they  can  contain  while  allowing  for  a 
1 0- 1 5%  volume  expansion  during  solidification.  The  total  harvested 
energy  as  well  as  the  energy  per  gram  is  illustrated  in  Fig.  5. 

Increasing  the  volume  of  the  PCMs  enhances  the  energy  output. 
However,  a  saturating  behavior  is  observed  above  15  ml,  as  only 
the  height  is  directly  affected  at  a  given  bottom  plate,  thus  increas¬ 
ing  the  surface  area  not  being  in  contact  with  the  TEGs.  This  fact 
decreases  the  efficiency  of  the  device,  as  a  higher  amount  of  energy 
flows  parasitically  through  the  side  walls  of  the  container  instead 
of  through  the  TEGs. 


Table  4 

Experimental  energy  outputs  with  1 5  ml  of  PCM  in  the  two  different  placement  configurations. 

Temperature  range  Experiment  #1  Experiment  #2 

Inner  0)  water  Hollow  0)  E-ll  Total  (J)  Inner  (J)  E-ll  Hollow  0)  water  Total  (J) 

High  (+30  °C  to  — 10°C)  30.11  12.81  42.92  9.53  34.22  43.75 

Average  (+20°C  to -20  °C)  34.50  33.91  68.41  28.69  39.54  68.23 

Optimum  (+10°C  to -30  °C)  34.23  35.49  69.72  30.16  39.62  69.78 

Low  (—5  °C  to  —45  °C)  8.62  31.12  39.74  22.63  8.36  30.99 
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Fig.  4.  (a)  Simulated  and  experimental  temperature  profiles  under  the  “optimum"  temperature  profile,  (b)  simulated  and  experimental  power  profiles  when  exposing  the 
fuselage,  inner  and  hollow  cylinder  to  the  “optimum"  temperature  profile. 


Additionally,  for  this  specific  device  geometry,  the  necessary 
time  period  until  a  full  cycle  (liquid-solid-liquid/takeoff-cruising- 
taxiing)  has  been  completed  and  increases  substantially  with 
5  ml  requiring  only  90  min.  and  23  ml  requiring  more  than 
210  min.  However,  the  temperature  difference  across  the  TEGs 
and  consequently  the  output  voltage  after  the  160th  min.  for 
the  23  ml  PCM  configuration  is  too  low  to  be  used  for  harvesting 
purposes. 

It  should  be  noted  that  the  duration  of  the  cruising  and  taxi¬ 
ing  phases  were  increased  to  allow  for  complete  solidification  and 
melting  of  the  PCM  volumes  above  15  ml. 

The  scaling  of  PCM  volume  of  this  device  suggests  that  what  are 
its  operational  limits  and  what  should  be  carefully  considered  when 
designing  a  harvester  for  a  specific  application.  The  energy  output 
of  a  device  is,  of  course,  a  key  figure,  but  often  it  is  not  the  only  factor 
which  should  be  taken  into  account.  The  energy  per  gram  of  PCM  is 
also  critical,  ensuring  that  the  device  is  operating  at  a  satisfactory 
efficiency  level. 

The  information  on  temperature  as  well  as  PCM  volume  scaling 
can  act  as  fundamental  guidelines  in  designing  a  thermoelectric 
energy  harvester  using  PCMs.  Given  specific  application  require¬ 
ments,  a  harvester  fitting  many  different  operational  conditions 
can  be  fabricated,  ranging  from  very  small  and  lightweight  devices, 
operating  in  a  very  narrow  temperature  environment  with  small 
energy  requirements,  to  larger  devices,  with  broad  temperature 
ranges  and  greater  energy  outputs. 


The  design  of  a  thermoelectric  harvester  with  a  PCM  as  a  thermal 
mass  is  very  challenging.  For  the  determination  of  parasitic  effects 
like  the  equivalent  heat  resistance  and  the  heat  flux  lost  to  the  ambi¬ 
ent,  experimental  data  are  needed  and  have  to  be  implemented  in 
the  simulation  model  in  order  to  predict  precisely  the  energy  out¬ 
put.  The  experimental  methodology  that  was  followed  matched 
that  of  [16],  However,  some  problems  arose  during  testing.  Small 
deviations  in  PCM  volume  (<±0.5  ml)  were  encountered.  Addition¬ 
ally,  there  are  always  climate  chamber  temperature  fluctuations 
(<±0.3  °C),  as  stated  in  the  specifications.  Furthermore,  material 
degradation  due  to  the  corrosiveness  of  E-l  1  against  copper  was 
observed  on  the  bottom  plates  of  the  container.  Finally,  the  super¬ 
cooling  effect  is  very  unpredictable  and  can  have  a  profound  effect 
on  the  energy  output  from  one  experiment  to  the  next.  As  such, 
a  deviation  of  10%  between  two  sets  of  experiments  is  considered 
acceptable. 

6.  Conclusions  and  outlook 

The  thermoelectric  harvesting  device  proposed  in  this  paper  has 
shown  great  potential.  An  investigation  in  terms  of  effective  tem¬ 
perature  range  for  a  given  amount  of  PCM  (15  ml)  as  well  as  the 
impact  of  different  PCMs  in  the  two  containers  on  the  energy  out¬ 
put  was  performed.  In  addition,  scaling  up  and  down  in  terms  of 
PCM  volume  was  further  tested  and  basic  conclusions  concerning 
the  experimental  procedure  were  drawn. 
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As  was  shown  by  simulations,  the  placement  of  a  PCM  in  the 
inner  or  hollow  cylinder  does  not  have  a  significant  impact  on  the 
performance  of  the  device.  Independent  of  the  temperature  ranges 
investigated  the  minimum  harvested  energy  is  more  than  30.99J 
and  under  optimum  conditions  can  be  as  high  as  69.78 J,  when  1 5  ml 
of  each  PCM  are  used.  This  amount  of  energy  is  sufficient  to  power 
up  a  wireless  sensor  [5], 

The  low  overall  weight  of  the  device  (**95  g)  provides  the  oppor¬ 
tunity  for  high  power-to-weight  ratios.  In  addition,  the  efficiency 
which  is  around  56%  of  the  total  harvestable  energy,  compared  with 
the  theoretically  calculated  values,  is  similar  to  previous  designs 
[7],  However,  the  consistent  behavior  within  the  different  temper¬ 
ature  ranges  is  the  strongest  advantage  of  this  device,  along  with 
its  low  weight  and  the  low  thermal  conductivity  of  the  PMMA. 

Experiments  and  simulations  show  that  the  device  can  be  sig¬ 
nificantly  scaled  up  or  down  in  key  domains,  such  as  effective 
temperature,  the  volume,  and  the  energy  output,  matching  best 
to  the  requested  flight  duration.  Based  on  these  results  it  is  indi¬ 
cated  which  parameters  need  to  be  considered  when  designing  a 
thermoelectric  harvester. 

During  the  experimental  tests,  E-l  1  was  found  to  be  corrosive  to 
the  copper  at  the  bottom  of  the  harvester  which  might  lead  to  early 
device  failure,  in  addition  to  performance  degradation.  For  that  rea¬ 
son,  different  protective  layers  are  under  investigation  and/or  a 
redesign  of  the  harvester,  including  corrosion-resistant  materials 
for  the  bottom  parts.  Furthermore,  container  geometry  optimiza¬ 
tions,  minimizing  the  total  exposed  surface  area  for  a  given  PCM 
volume  are  considered.  In  addition,  TEGs  with  a  higher  Seebeck 
coefficient  in  the  targeted  temperature  range  will  further  increase 
the  overall  efficiency  of  the  device. 
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